1. Introduction
===============

Oxidative stress (ROS) is accompanied by aging and several neurodegenerative diseases and cancers. Indeed, ROS are generated as byproducts of cellular metabolism and have the potential to increase significant biological damage ([@b1-epj-08-2970]). There are several evidences to support the idea that the most important mechanism of protein oxidative damage is metal-catalyzed oxidation (MCO), leading to cleavage of polypeptide backbone, cross linking, and modification of the amino acid side chains leading to the loss of protein function and to structural alteration. Protein oxidation has become a crucial focus of research, as increased levels of oxidized proteins are one of the most important biomarkers of oxidative stress ([@b2-epj-08-2970], [@b3-epj-08-2970]). It is almost clear that post-translational modifications (PTMs) generated by oxidative damage from ROS and RNS on protein integrity are responsible for many pathologies and biological aging ([@b3-epj-08-2970]). Albumin is a crucial plasma antioxidant protein, involving several physiological and pharmacological functions. This protein is the most abundant protein in human plasma with a molecular weight of 66 KD. It has been well known that human serum albumin (HSA) is an easy target for ROS ([@b4-epj-08-2970]). Thereby, HSA is continuously exposed to oxidative stress, so that modifications of the conformation and function of HSA could happen and lead to alteration of its properties. By now, it is shown that advanced oxidation protein products (AOPPs) are formed as a main result of interaction between plasma proteins, especially HSA, and hydroxyl radicals (°OH) produced by Fenton reaction, which takes place during ROS production or ischemia events ([@b5-epj-08-2970]). In the present study, we chose a simple oxidation system consisting of H~2~O~2~ and FeSO~4~, namely, Fenton reaction, to induce the formation of hydroxyl radicals from H~2~O~2~. It is a common belief that the highly reactive hydroxyl radical (HO°) is a main product generated in Fenton's reaction ([@b6-epj-08-2970]). The aim of this work is to oxidize human serum albumin (HSA) by Fenton reaction in various levels and quantified different protein damages such as carbonyl groups, protein degradation, fragmentations, aggregations, and thiol groups.

2. Material and Methods
=======================

2.1. Research Design and Setting
--------------------------------

This experimental research was planned to study the effects of different ratios of a Fenton system, ranging from 0.1 to 20 mM of H~2~O~2~ and a fixed concentration of FeSO~4~ (1mM) on HSA. This study was accomplished at Babol University of Medical Sciences in 2015.

2.2. Chemicals and Reagents
---------------------------

Human serum albumin (HSA) (Sigma, A9511), sodium dodecyl sulphate (Merck, Germany), tetramethylethylenediamide (Applichem, A1148), ammonium persulphate (Merck, Germany), acrylamid for electrophoresis (Merck, Germany), N-N′-methylene diacrylamide (Merck, Germany), sodium carbonate (Merck, Millipore), formaldehyde 37% (Merck, Germany), tris-base, methanol (Merck, Germany), ethanol (Merck, Germany), glycerol (Merck, Germany), acetic acid (Glacial, Merck), 2,4-Dinitrophenylhydrazine (DAEJUNG, South Korea), trichloroacetic acid (TCA) (Merck, Germany), guanidine-Hcl (DAEJUNG, South Korea), ethyl acetate for analysis (Merck, Germany), bromophenol blue (Merck, Germany), sodium thiosulfate pentahydrate (Merck, Germany), hydrogen peroxide 30% (Merck, Millipore), ferrous sulphate (SIGMA, F7002), DTNB(5,5-dithiobis(2-nitrobenzoic acid) 99% (SIGMA), Hcl 37% (Merck, Germany), 1,4-Dithiothreitol (Scharlau Chimie S.A, European Union), Coomassie Brilliant Blue G250 for electrophoresis (Merck, Germany).

2.3. Preparation of Hydrogen Peroxide Standards
-----------------------------------------------

The concentration of H~2~O~2~ stock solution (0.4M), typically 30% (v/v) H~2~O~2~, was determined accurately using a molar extinction coefficient (ɛ) of 39.4M-1 cm-1 at 240 nm. All spectrophotometer analysis was performed by a NanoDrop 2000 UV-VIS Spectrophotometer, Thermo Fisher Scientific Inc.

2.4. Hydroxyl Radical Generating System
---------------------------------------

Under in vitro conditions, Fe2+ is able to generate the °OH by modification of H~2~O~2~ according to the Fenton redox reaction ([@b7-epj-08-2970]). The metal-catalyzed oxidation was launched in 10 mM potassium phosphate buffer pH 7. Oxidation was accomplished by supplementing 500 μL of protein solution (1 mg/ml) with a freshly prepared mixture of FeSO~4~ (1mM) to increasing concentrations of H~2~O~2~ between 0.1 and 20mM. The reaction was incubated for 30 min at room temperature and stopped by addition of cold 10% TCA ([@b8-epj-08-2970], [@b9-epj-08-2970]). Subsequently, samples centrifuged at 10000×g for 15 min and washed three times with 10% TCA ([@b8-epj-08-2970]). Finally, supernatant was removed and pellets were dissolved in 10 mM phosphate buffer pH 7. All samples were kept at −80 °C for subsequent analysis. All experiments were carried out in triplicate.

2.5. Gel Electrophoresis
------------------------

After treating human serum albumin (1 mg/ml) with Fenton reaction, its modifications were analyzed by sodium dodecyl sulphate/polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions. Before putting samples (4μgr) in each well, they were treated with 10% SDS, 0.5M Tris-base pH 6.8, 2.7mM glycerol and 0.2 M Dithiothreitol (DTT) and resolved by 8% SDS-PAGE according to Laemmli's method ([@b10-epj-08-2970]). For gel staining, each gel was dyed with Coomassie Blue G-250. Image analysis was carried out using a Labscan machine (powered by Melanie) and analyzed with ImageJ software. The software allowed background subtraction, automatic band detection, and comparative analysis of normalized band optical densities (ODs).

2.6. Carbonyl Content Determination
-----------------------------------

Protein carbonylation assay was performed by spectrophotometric DNPH assay for detection of protein carbonyl groups ([@b11-epj-08-2970]). Briefly, 200μl of each sample were incubated with 200μL of DNPH 0.2% (prepared in 2N HCl) in the dark for 1 hour at room temperature and vortexed each 10 minutes. The samples were precipitated by an ice cold solution of TCA 20 % and centrifuges at 10000 rpm for 10 minutes. Collected pellets were washed three times with ethanol/ethyl acetate (1/1; v/v) to remove the excess of DNPH reagent. The resulting protein pellet was dissolved in 100 μl of 6M GuHCl, and the absorbance was measured at 370 nm against blank (Hcl treated) as reference. To quantify the level of protein carbonylation groups, we used the molar extinction coefficient (22000 M -1 cm -1) and expressed protein carbonyl groups in mol carbonyl per mol protein. We normalized absorbance to 15μM of protein and calculated carbonyl concentration by Beer--Lambert Law. We calculated carbonyl/protein concentration (molC/molP) by division of carbonyl content to protein concentration. Experiments were repeated at least three times to ensure the reproducibility of data.

2.7. DTNB Assay
---------------

The free thiol concentration of protein was measured by Ellman's reagent ([@b11-epj-08-2970]). A 50 μl of protein solution (2mg/ml) was dispensed into 1ml centrifuge tubes and 50 μl of DTNB (0.5mM), prepared in 100mM phosphate buffer pH 7, was added to each sample. Finally, all solutions were vortexed and incubated in the dark conditions for 30 min at room temperature. A protein solution consisted of 50 μl of 100mM phosphate buffer, plus 50 μl of protein solution was selected as blank for each group. In addition, a DTT (10mM) group was chosen as a positive control group. Absorbance of each solution was measured at 412 nm against blank as follows: Absorbance Change = A412 (Protein+DTNB) - A412 (Protein + Phosphate Buffer) -- A412 (DTNB alone blank). A thiol concentration was determined for each solution by dividing the above value by an extinction coefficient at 412 (13600 M-1 cm-1).

3. Results and discussion
=========================

3.1. Gel Electrophoresis of HSA
-------------------------------

SDS-PAGE is a practical technique to analyze protein damages that were produced by Fenton reaction. A Fenton reaction may give rise to breakage of polypeptide chains through oxidative damage of amino acids in protein, and these damages can be visualized by the creation of cross links, fragments, and smearing of the gel. [Figure 1](#f1-epj-08-2970){ref-type="fig"} shows different damages that were produced by Fenton reaction. Densitometry of bands showed the loss of protein in higher ratios of a Fenton system. Fenton products caused breakage of covalent bonds, the effects of which are illustrated in the SDS-PAGE portrait by progressive disappearance of monomer band ([Figure 1b](#f1-epj-08-2970){ref-type="fig"}). The results demonstrated that, by increasing the hydrogen peroxide concentration, the rate of protein removal was increased. This is owing to the formation of more hydroxyl radicals. As can be seen in the SDS-PAGE profile ([Figure 1a](#f1-epj-08-2970){ref-type="fig"}), there is no aggregation or cross link due to formation of covalent bands between specific amino acids such as tyrosine leading to dimer and oligomer. Considering the SDS-PAGE profile, protein fragmentations are increasing in higher ratios of Fenton reaction ([Figure 1b](#f1-epj-08-2970){ref-type="fig"}). It is noteworthy that, in the highest ratio of the Fenton system, about 50% of native protein has broken down. It can be obviously seen that the sample treated with H~2~O~2~ has approximately the same band intensity compared with non-oxidized protein, but the Fe2+ treated group showed a 40% drop in its band densitometry against native counterpart ([Figure 1c](#f1-epj-08-2970){ref-type="fig"}).

3.2. Protein Carbonylation
--------------------------

Protein carbonylation is the most deteriorating irreversible modification as a result of oxidative stress ([@b12-epj-08-2970]). According to [Figure 2](#f2-epj-08-2970){ref-type="fig"}, a carbonyl/protein (mol/mol) ratio is increasing linearly in lower Fenton ratios and the values plateau at higher levels of H~2~O~2~/Fe 2+. It is noteworthy that reaction of HSA with H~2~O~2~ alone gave a low level of carbonyl groups bound to protein (0.088±0.012) while Fe2+ treatment at a fixed concentration (1mM) could produce a significant level of carbonyl on protein by itself (0.42±0.019). This result is in agreement with another study performed by Henrietta et al. ([@b13-epj-08-2970]). These results indicate that the type of oxidizing agent can play an important role in protein carbonylation and are consistent with former results presented by Madian et al. ([@b14-epj-08-2970]). As previous studies showed, conversion of proline, lysine, arginine, and hystidine residues (RKPT) into carbonyl derivatives is the most important precursor of carbonylated compounds, which increase the susceptibility and sensitivity of HSA to irreversible modification owing to oxidative stress ([@b12-epj-08-2970]). As there are several RKPT-enriched regions on this protein, this increased the sensitivity of this protein to damage by oxidants. Nevertheless, metal catalyzed oxidation (MCO) of a protein may be a site-specific process, in which Fe (II) makes a complex with protein and react with H~2~O~2~ to yield °OH. It was shown that hydroxyl radicals are able to generate structural changes in the N-terminal side of HSA ([@b5-epj-08-2970]). These results revealed that hydroxyl radicals which have been formed through Fenton reaction in *in vivo* conditions can present a new source of numerous ROS and RNS producers in the animal's body.

3.3. DTNB Assay
---------------

HSA is a great antioxidant in blood owing to its free thiol at Cys-3, which accounts for about 80% of the total plasma thiol component ([@b15-epj-08-2970]). In the present study, we investigated the possible effect of Fenton reaction on HSA (1 mg/ml) in various levels of oxidation. Our results showed that the ratio of thiol/protein was 0.26 ±0.05 (molt/molp) for native protein. After oxidation of samples through Fenton reaction, the ratios have dipped to zero in each sample. Although the thiol content for a FeSO~4~ (1mM) treated sample, alone, was 0.23 ± 0.02 (molt/molp), it is important to note that the thiol ratio also has dropped to zero in H~2~O~2~ exposed solely. These results are in accordance with the former investigation, which has indicated the H~2~O~2~-mediated and Fenton reaction oxidation of thiol groups ([@b16-epj-08-2970]). As for the positive control group (DTT group), the figure of thiol concentration was 504 ± 7.5 μM.

3.4. More discussion
--------------------

HSA (66KD) is a heart-shape protein containing 585 residues ([@b17-epj-08-2970]). It contains 35 cysteine amino acids, in which all of these residues are engaged in the formation of 17 disulfide bonds except Cys-34, containing the only free thiol group. Several studies have shown the modification of free SH group on Cys to different oxidized products such as sulfenic acid (−SOH), sulfinic acid (−SO2H), sulfonic acid (−SO3H) through different ROS ([@b18-epj-08-2970]). Moreover, it has shown that °OH radicals, which are produced through gamma radiolysis and Fenton reaction, have an important role in protein oxidation and totally oxidative stress ([@b19-epj-08-2970]). In this report, we propose an antioxidant activity of HSA owing to simple reduction of sulfhydryl groups on Cys-34 exposed with increasing amounts of OH radicals produced by Fenton system. The results are in agreement with the former report concerning the radical scavenger properties of HSA through the free thiol group on Cys-34 residue ([@b20-epj-08-2970], [@b21-epj-08-2970]). Despite this, we need to analyze the structure of oxidized HSA precisely to identify the actual modifications of sulfhydryl side chain of this residue. Our results indicated that HSA has a significant propensity to protein carbonylation. Regarding the fact that carbonylation is site selective, this phenomenon may be due to its structure or conformation. These findings confirmed the results of Guilherme Vargas Bochi et al., indicating advanced oxidation products (AOPPs) formation as a result of Fenton reaction ([@b4-epj-08-2970]). It would be of interest to say that HSA has no propensity to the formation of cross link, as we have no protein aggregation in the SDS-PAGE profile. However, the band's densitometry indicates the loss of protein in a higher level of the Fenton system. Similar results were obtained in gamma irradiation of BSA ([@b22-epj-08-2970]). It is important to point out that protein carbonylation ([Figure 2](#f2-epj-08-2970){ref-type="fig"}) and band densitometry disappearance ([Figure 1a](#f1-epj-08-2970){ref-type="fig"}) are increasing in higher levels of Fenton reaction, concomitantly. Considering the SDS-PAGE profile, breakdown of the polypeptide chain results in the formation of destroyed low-molecular-weight subunits. Schuessler and Schilling showed that proline subunits are the main target for chain sequestering in BSA ([@b22-epj-08-2970]). For quantification of thiol and carbonyl groups, the DTNB and DNPH assays were used as sensitive methods, respectively. As these techniques were not qualified to identify the types of oxidation products on the protein structure, we could not report on the type of oxidation byproducts that has been formed on protein throughout this study.

4. Conclusions
==============

In conclusion, our data propose that Fenton reaction may be an important pathway to the harmful effect on human serum albumin. To scrutinize the structural and conformational damages created through oxidation, other techniques are underway. In addition, the modification of protein arrangement after oxidation will be later investigated using TEM.
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![HSA oxidation as a function of Fenton reaction in different ratios. A) HSA was oxidized by increasing ratio of H2O2 to FeSo4 and analyzed by SDS-PAGE (10% Poly acrylamide). Lane 1: control group, Lane 2: H2O2 (0.1mM) + FeSo4 (1mM); Lane 3: H2O2 (0.25mM) + FeSo4 (1mM); Lane 4: H2O2 (0.5mM) + FeSo4 (1mM); Lane 5: H2O2 (1mM) + FeSo4 (1mM), Lane 6: H2O2 (5mM) + FeSo4 (1mM), Lane 7: H2O2 (10mM) + FeSo4 (1mM), Lane 8: H2O2 (20mM) + FeSo4 (1mM), Lane 9: FeSo4 (1mM), Lane 10: H2O2 (1mM). B) SDS-PAGE profile of HSA disappearance treated with different ratios of Fenton reaction. C) The average percentage of band intensity of HSA (4μg) as a function of Fenton reaction in different levels. Calculations were performed to similarly treated samples from triplicate experiments](EPJ-08-2970-g001){#f1-epj-08-2970}
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